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The study of inﬂuence of external uniaxial mechanical stress on the dispersive characteristics and
anisotropy of elastic waves in such piezoelectric structures as “Y -cut La3Ga5SiO14/fused silica” has
been conducted. The results of computer simulation taking into account the linear and nonlinear mate-
rial constants of materials have been presented. The comparison of elastic wave velocity changes under
the inﬂuence of an uniaxial stress while a full set of nonlinear material constants of crystalline layer +
geometric nonlinearity, or only geometric nonlinearity of the layer induced by the static deformation of
a substrate has been fulﬁlled.
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Introduction
Due to extensive use of acousto-electronic devices, such as sensors, ﬁlters and frequency
transformers in industry and medicine, the study of external static ﬁelds inﬂuence (especially
uniaxial mechanical strain) upon the elastic waves’ characteristics in crystals attracts attention
of the devices’ designers, including those on the basis of the new advanced materials [1, 2].
Piezoelectric sensors, for example, are widely used for pressures measurement (100–200 MPa/V)
at frequencies from 40 kHz to 100 MHz [3].
Mechanical stress signiﬁcantly changes characteristics of the piezoelectric device due to the
changes in both the material properties themselves and the sample’s geometrical dimensions.
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When studying or designing the acoustic wave sensor, it is assumed that the piezoelectric device’s
behavior will be linear. However, if the sensors are exposed to very strong external elastic ﬁeld,
stress amplitude in the piezoelectric material becomes so large that non-linearity, which aﬀects
stability and performance of piezoelectric sensors can no longer be ignored [4]. The results of
changes in the physical properties of crystal under the uniaxial mechanical pressure inﬂuence [5,6]
were used to stabilize the resonator’s frequency, especially for temperature compensation of the
resonators’ frequency escape on the basis of quartz crystals and langasite [7, 8]. The analysis of
changes in SAW velocity induced by radial force and torque’s application to the resonator on
the basis of quartz and langasite crystals was obtained by the authors [9]. It is noted that third-
order crystal material tensors ignoring leads to considerable error in the resonance frequency
drift determination.
The general theory of ground wave propagation in a piezoelectric crystal under conditions of
uniaxial mechanical stress, as well as the theory of reﬂection and refraction of elastic waves at two
solid media’s interface surface exposed to the external ﬁeld was developed in the papers [10,11].
Such structures as "layer/substrate" (dielectric or piezoelectric layer of deﬁnite thicknesses,
placed on a semi-inﬁnite substrate from another material) are widely used for the acousto-
electronic devices development. The authors [12, 13] studied the eﬀect of initial stress on Love
waves’ characteristics in the structures of "piezoelectric layer/isotropic substrate" and "isotropic
layer/piezoelectric substrate" types. It is necessary to note that mostly tetragonal, hexagonal and
cubic crystals, as well as transversely isotropic medium are considered as piezoelectric medium.
Langasite crystal that belongs to the trigonal class, as well as its isomorphs are widely used
for various acousto-electronic devices manufacturing [14,15]. The most promising areas of SAW
propagation that combines high value of the electromechanical coupling coeﬃcient (K2 ∼ 0.5%),
near zero value temperature coeﬃcient of frequency (TCF) and the minimum value of power ﬂow
angle are found for a number of the rotated Y -cut langasite [16,17].
When calculating the parameters of a device on the basis of piezostructure under mechanical
stress inﬂuence, the developers face the following question: whether it is necessary to take into
account in calculations set of nonlinear piezoelectric material constants, i.e. how waves’ phase
velocity changes at that. Unfortunately, for the widely known crystals that are used as piezo-
electric ﬁlms, such ZnO or AlN [18,19], nonlinear material constants are unknown. In this case,
valuation of the phase velocity changes under the stress inﬂuence can be associated only with the
geometric nonlinearity, such as changes in linear dimensions and volume distortion of the sample.
The article is dedicated to the study of the dispersion characteristics and anisotropy of the
most important characteristics of the elastic waves in the piezoelectric layered structure, such
as phase velocities, electromechanical coupling coeﬃcient (EMCC), and phase velocities control
coeﬃcients under conditions of uniaxial pressure. In addition, the main objective of the study is
to assess the impact of the material tensors of the third-order crystal on elastic waves’ parameters
in the Y -cut langasite based structures.
1. The theory of elastic wave propagation in a layered
piezoelectric structure under homogeneous uniaxial
stress inﬂuence
Suppose the X3 axis of orthogonal coordinate system is directed along the outer normal to
the surface of the layer, occupying the 0 6 X3 6 h space, and the X1 axis coincides with the
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wave propagation direction, h is the layer thickness. Following the theory developed in [20],
let us write the basic equations describing the eﬀects of homogeneous stress and dc electric
ﬁeld simultaneously on the acoustic wave propagation in a piezoelectric medium. As a result of
such eﬀects a homogeneous deformation of a crystal should be arisen. Referring to the initial
coordinate system, the small-amplitude wave equation of motion, the equation of electrostatics
and the state equations for the uniformly deformed acentric crystal, as well as electrostatic
equations would take the following form:
ρ0
¨˜UA = τ˜AB,B + U˜A,PQ τ¯PQ;
D˜M,M = 0;
τ˜AB = c
∗
ABCD η˜CD − e
∗
MABE˜M ;
D˜M = ε
∗
MN E˜N + e
∗
MAB η˜AB .
(1)
In equation (1) the following values are used: ρ0 is the crystal density in the undeformed
(initial) state, U˜A is the vector of dynamic elastic displacement, τAB is thermodynamic stress
tensor, ηAB is strain tensor, EM and DM are vectors of electric ﬁeld and electric displacement,
respectively. Here and elsewhere, the time-dependent variables are marked by the “tilde” symbol.
The comma after the subscript denotes the spatial derivatives and coordinate Latin indices vary
from 1 to 3. Here and elsewhere, the rule of summation over repeated indices is used. Taking
into account only the eﬀect of static uniaxial stress as τ¯MN = −τ¯PMPN (PM is the unit vector of
force direction, and τ¯ is the stress magnitude), the eﬀective elastic, piezoelectric, and dielectric
constants which are the linear functions of stress, should be deﬁned as:
c∗ABKL = c
E
ABKL − c
E
ABKLQRs
E
QRMNPMPN τ¯ ;
e∗NAB = eNAB − eNABKLs
E
KLMNPMPN τ¯ ;
ε∗MN = ε
η
MN −HNMABs
E
ABKLPKPLτ¯ .
(2)
Here, cEABKL, eNAB , and ε
η
MN are elastic, piezoelectric, and dielectric constants of the second
order; sEABKL is the elastic compliance constant; c
E
ABKLQR, eNABKL, and HNMAB are the
nonlinear elastic, piezoelectric and electrostriction material tensors.
Substituting into (1) the solutions for the elastic displacements and electric potential in the
conventional form of plane monochromatic waves, one can obtain the linearized Green-Christoﬀel
equations with the following components:
[
ΓBC (τ¯)− ρ0ω
2δBC
]
αC = 0;
ΓBC =
[
c∗ABCD +
(
2cEMBFNs
E
ADCF + δBCδAMδDN
)
PMPN τ¯
]
kAkD;
ΓC4 = e
∗
PACkP kA; Γ4C = ΓC4 + 2eAFDs
E
MNCFPMPN τ¯ kAkD; Γ44 = −ε
∗
PQkP kQ.
(3)
Here kA is the wave vector components.
In general case, the elastic displacement and electric potential in both media have the form
of linear combination of the partial waves such as:
Ui =
∑
n
a
(1,2)
n α
(n)
i exp
[
i
(
k1x1 + k
(n)
3 x3 − ωt
)]
;
Φ =
∑
n
a
(1,2)
4 α
(n)
4 exp
[
i
(
k1x1 + k
(n)
3 x3 − ωt
)]
.
(4)
Here and elsewhere superscripts 1 or 2 denote the substrate and layer terms; an and αi values
are the weight coeﬃcients and partial wave amplitudes respectively. The wave vector component
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k1 ≡ k
(n)
1 = ω/v coincides with the direction of the elastic wave propagation, and the condition
Im(k
(n)
3 ) < 0 should be satisﬁed within a substrate, which provides attenuation of the elastic
wave below the "layer-substrate" interface.
SAW propagation in a layered structure under the homogeneous stress must comply with
the relevant boundary conditions. So, the normal components of the stress tensor should vanish
on the free surface of the layer if the pressure is applied along all the directions orthogonal to
the free surface. Continuity of tangential component of the electric ﬁeld should be provided
by the continuity of the electric potential at the "layer-vacuum" interface. In addition, at the
"layer-substrate" interface when X3=0, the equality of normal components of the stress tensor
and elastic displacements, as well as continuity of the electric potential must be satisﬁed. All
these requirements can be written as follows:
τ
(2)
3A = 0
∣∣∣
X3=h
; D
(2)
3 = D
(vac)
∣∣∣
X3=h
; ϕ(2) = ϕ(vac)
∣∣
X3=h
;
τ
(1)
3A = τ
(2)
3A
∣∣∣
X3=0
; D
(1)
3 = D
(2)
3
∣∣∣
X3=0
; ϕ(1) = ϕ(2)
∣∣
X3=0
; U
(1)
A = U
(2)
A
∣∣∣
X3=0
.
(5)
Superscripts 1 and 2 denote substrate and layer respectively.
In the case of mechanical stress application orthogonally to the free surface
(
~P ‖ X3
)
, elas-
tic properties of loading environment should be taken into account. Supposing that uniaxial
stress in such geometry is conducted without hard elastic contact with the free surface (e.g.
gas environment loading), and for this case mechanical boundary conditions can be written as
follows [21]:
τ˜3J + U˜J,K τ¯3K = 0 (X3 = 0) . (6)
After substituting the solutions (4) in the form of uniform plane waves into boundary condi-
tions (5) and taking into account expressions (1) and (2), one can obtain a system of equations
for calculating the parameters of acoustic wave propagation in the layered structures [22]. Cal-
culation of the elastic wave parameters can be fulﬁlled by the conventional method of partial
waves [23]. The condition of vanishing of the boundary conditions determinant allows us to ﬁnd
the phase velocities of the elastic waves.
2. Dispersive dependences of elastic wave parameters in
layered piezoelectric structures
On the basis of expressions (1)–(6) that describe elastic wave propagation in the layered
structure the analysis of changes in characteristics of Rayleigh and Love elastic wave modes
due to the change in the eﬀective symmetry of the crystallic piezostructure, exempliﬁed by
"La3Ga5SiO14/fused silica" structure at diﬀerent variants of uniaxial mechanical stress was con-
ducted. Changes of the elastic wave phase velocity in the layered structure under mechanical
stress inﬂuence would be more convenient to consider on the basis of the elastic wave phase
velocity control coeﬃcient that looks as follows:
αv =
1
v (0)
(
∆v
∆τ¯
)
∆τ¯→0
. (7)
The magnitude of the electromechanical coupling coeﬃcient (EMCC) was determined by the
following relation:
K2 = 2
v − vm
v
, (8)
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where v and vm are SAW phase velocities at free or metallized free surface of the piezoelectric
layer [24].
Dispersive dependences of the phase velocities, EMCC’s, and αv coeﬃcients for Love and
Rayleigh waves propagating in the layered structure "[001](010) La3Ga5SiO14/fused silica"
(Fig. 1, a) depending on h× f value (h is the layer’s thickness, and f is the wave frequency) are
represented in Fig. 1. This direction was chosen for studing because Y -cut of LGS crystal is the
most popular for acoustoelectronics devices creation. Material constants’ value for linear and
nonlinear electromechanical properties were taken for the La3Ga5SiO14 (LGS) crystal from [25],
and for fused silica – from [26].
Fig. 1. Dispersive dependences of acoustic wave parameters for the layered structure "[001](010)
LGS/fused silica": (a) phase velocities; (b) EMCC’s at X3 = h; αv coeﬃcients for Rayleigh (c)
and Love (d) modes at ~P ‖ X1; αv coeﬃcients for Rayleigh (e) and Love (f) waves at ~P ‖ X2.
The QSSSub and QFSSub letterings are associated with the slow and fast bulk acoustic quasi-
shear waves in the substrate; Rayleigh wave in the layer is marked by the SAWLGS letterings.
Solid lines are associated with FSN option, and dashed lines – with GNL option. Curves Ri and
Li are associated with Rayleigh and Love modes of several orders
When acoustic waves propagate along [001] direction of the LGS crystal plane (010), the
two-fold symmetry axis lies orthogonally to the sagittal plane, thus, in this case pure modes of
Love and Rayleigh waves propagate, as in this case the Green-Christoﬀel tensor (3) is divided
into two independent parts.
For LGS single crystal in this direction Rayleigh surface wave (SAW) can propagate, but
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not Bleustein-Gulyaev wave (BGW). In [001](010) plane of the LGS crystal SAW phase velocity
equals 2855.74 m/s. Volume shift elastic waves are degenerated and phase velocity of FS wave
is equal to 3052.1 m/s.
It should be noted that in the layered structure "[001](010) LGS/fused silica" bulk acous-
tic waves can transform into non-dispersive surface elastic waves, which can be classiﬁed as
"Anisimkin Jr. mode" (AN) [27, 28]. The AN mode has such basic properties as dominant
longitudinal displacement (U1 ≫ U2, U3; U1 ≈ constant within the plate or layer), or a dom-
inant shear displacement for the shear-horizontal QSH (U2 ≫ U1, U3), and the shear-vertical
QSV (U3 ≫ U1, U2) waves [29]. Moreover, the approximate equality of phase velocities for the
BAW and AN modes should be observed. In the case under consideration QFS wave transforms
into QSH mode, but QSS wave transforms into QSV mode (Fig. 1). It should be noted that
transformation of bulk waves into AN modes in this case occurs linearly, i.e. without external
inﬂuence.
The h× f change was from 0 up to 10000 m/s. Variation range of Love wave phase velocities
is between the value of shear wave velocity for fused silica and slow quasi-shear wave (QSV) phase
velocity for LGS (2913.89 m/s) (Fig. 1, a). The dispersive curve for the R0 zero-mode Rayleigh
wave starts at Rayleigh phase velocity for fused silica (3405.23 m/s), passes through a minimum
at h × f=900 m/s, and gradually increases with h × f . The value increases, then coming up
to the phase velocity of Rayleigh SAW for langasite. Phase velocities for higher order modes of
Rayleigh wave are located between the shear wave velocity for fused silica and the velocity for the
fast quasi-shear wave (QSH) for langasite (2985.56 m/s). Only Love wave has low piezoelectric
activity. The EMCC calculation was performed under condition of top metallization on the
piezoelectric layer (X3 = h), and the maximal value of K
2=0.15% at h× f=900 m/s is observed
for the L0 mode of Love wave (Fig. 1, b).
Application of external mechanical stress with eﬀective symmetry∞/mmm along elastic wave
propagation direction (~P ‖ X2 ‖ [100]) according to the Curie symmetry principle, decreases
LGS initial crystal symmetry to monoclinous. As a result, modiﬁcation of the crystal material
constants take place:
c∗22 = c
E
11 − (c222s12 + c113s13 + c224s14) τ¯ ;
c∗24 = c
∗
42 = −c
E
14 − (c124s11 + c224s12 − c134s13 + c155s14) τ¯ ;
c∗23 = c
∗
32 = c
E
13 − [c123s11 + c113s12 + c133s13 − c134s14] τ¯ ;
c∗33 = c
E
33 − [c133 (s11 + s12) + c333s13] τ¯ ;
c∗34 = c
∗
43 = − [c134 (s11 − s12) + c344s14] τ¯ ;
c∗44 = c
E
44 − (c144s11 + c155s12 + c344s13 + c444s14) τ¯ ;
c∗55 = c
E
44 − (c155s11 + c144s12 + c344s13 − c444s14) τ¯ ;
c∗56 = c
∗
65 = c
E
14 − (c156s11 + c256s12 + c134s13 + c456s14) τ¯ ;
c∗66 = c
E
66 − (c166s11 + c266s12 + c366s13 + c124s14) τ¯ ;
e∗25 = −e14 + (e124s11 + e114s12 + e134s13 − e144s14) τ¯ ;
e∗26 = −e11 − (e216s11 + e226s12 − e113s13 − e156s14) τ¯ ;
e∗35 = − [e315 (s11 − s12)] τ¯ ;
e∗36 = e315s14τ¯ ;
e216 =
1
4
(e111 + 3e122) ; e226 = −
1
4
(3e111 + e122) ;
ε∗11 = ε
η
11 − (H11s11 +H12s12 +H13s13 +H14s14) τ¯ ;
ε∗33 = ε
η
33 − [H31 (s11 + s12) +H33s13] τ¯ .
(9)
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Thus, the symmetry axis of the second order crystal orthogonally to the sagittal plane, and, as
it was mentioned above, in this case Green-Christoﬀel tensor (3) is divided into two independent
parts and its components, taking into account static Green’s tensor η¯AB = δAB + 2sABCD τ¯CD,
look as follows:
Γ11 = [c
∗
22 − 2 (c11s12 − c14s14) τ¯ ] k
2
1 + [2c
∗
24 + 2 (2c14s12 − (c13 + c44) s14) τ¯ ] k1k3+
+ [c∗44 − 2c44s12τ¯ ] k
2
3;
Γ13 = [c
∗
24 + 2 (c14s13 − c11s14) τ¯ ] k
2
1 + [c
∗
23 + c
∗
44 + 2 (2c14s14 − (c13 + c44) s13) τ¯ ] k1k3+
+ [c∗34 − 2c44s14τ¯ ] k
2
3;
Γ31 = [c
∗
24 + 2 (c14s12 − c44s14) τ¯ ] k
2
1 + [c
∗
23 + c
∗
44 − 2 (c13+ c44) s12τ¯ ] k1k3+
+ [c∗34 − 2c33s14τ¯ ] k
2
3;
Γ22 = [c
∗
66 − 2c66s11τ¯ ] k
2
1 + [2c
∗
56 − 4c14s11τ¯ ] k1k3 + [c
∗
55 − 2c44s11τ¯ ] k
2
3;
Γ33 = [c
∗
44− 2 (c44s13− c14s14) τ¯ ] k
2
1+ [2c
∗
34− 2 (c13+ c44) s14τ¯ ] k1k3+ [c
∗
33− 2c33s13τ¯ ] k
2
3;
Γ24 = e
∗
26k
2
1 + [e
∗
25 + e
∗
36] k1k3 + e
∗
35k
2
3;
Γ42 = [e
∗
26 + 2e11s11τ¯ ] k
2
1 + [e
∗
25 + e
∗
36 + 2e14s11τ¯ ] k1k3 + e
∗
35k
2
3;
Γ44 = −
[
ε∗11k
2
1 + ε
∗
33k
2
3
]
.
(10)
It should be noted that in this case strong geometrical nonlinearity takes place, i.e. geometric
distortion of a layer, and, correspondingly, Green-Christoﬀel tensor (10) becomes asymmetric,
particularly the value of additional parts under stress inﬂuence at Γ13 and Γ31 components diﬀers
more than twice.
Under uniaxial mechanical stress application to fused silica that represent isotropic medium,
the initial symmetry also decreases to hexagonal with preferential direction along mechanical
stress application and indication of new eﬀective elastic moduli. In particular, when application
of uniaxial homogeneous stress coincides with the direction of the elastic wave propagation,
eﬀective elastic moduli can be represented in the following form:
c∗11 = c11 − (c111s11 + 2c112s12) τ¯ ;
c∗22 = c
∗
33 = c11 − [c112s11 + (c111 + c112) s12] τ¯ ;
c∗12 = c
∗
13 = c12 − [c112s11 + (c112 + c123)s12] τ¯ ;
c∗23 = c12 − (c123s11 + 2c112s12) τ¯ ;
c∗44 = c44 − (c144s11 + 2c155s12) τ¯ ;
c∗55 = c
∗
66 = c44 − [c155s11 + (c144 + c155)s12] τ¯ ;
c∗14 = c
∗
15 = c
∗
16 = c
∗
24 = c
∗
25 = c
∗
26 = c
∗
34 = c
∗
35 = c
∗
36 = c
∗
45 = c
∗
46 = c
∗
56 = 0;
c144 =
1
2
(c112 − c123); c155 =
1
4
(c111 − c112).
(11)
As a result, all the elastic moduli depend on the mechanical stress value, and some of them
were changed in accordance with the requirements for isotropic media. It is easy to obtain that
the relation c∗44 =
1
2
(c∗22 − c
∗
23) which is written for special orientation of axes is fulﬁlled for the
point group symmetry of∞/m symmetry. In such media at variation of the phase velocities values
of longitudinal and shear waves, degeneration of the shire wave retains. But under conditions
of SAW propagation in the directions, orthogonal to the applied external pressure, degeneration
of shear wave takes place, but, at that, phase velocities of longitudinal and shear waves remain
isotopic.
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Let’s consider the mechanical stress inﬂuence on the layered structure, taking into account
only static deformation of a layer without physical nonlinearity. In this case, eﬀective elas-
tic moduli (9) are equal to the corresponding linear moduli, but in Green-Christoﬀel ten-
sor (10) components still contain the terms, deﬁned by static Green’s tensor, for instance:
Γ22 = [c66 − 2c66s11τ¯ ] k
2
1 + [2c14 − 4c14s11τ¯ ] k1k3 + [c44 − 2c44s11τ¯ ] k
2
3.
In Fig. 1 dispersion characteristic of Rayleigh and Love waves’ αv cooeﬃcients in the structure
"[001](010) LGS/fused silica" are represented. There are αv control coeﬃcients for Rayleigh and
Love waves at ~P ‖ X1 and ~P ‖ X2 (Fig. 1, c–f). Solid lines are associated with αv values
obtained by uniaxial stress application taking into account the Full Set of Nonlinearities both
for the layer and for the substrate. Such option will be futher designated as FSN. Dashed lines
show the values of the control coeﬃcients, calculated taking into account only static deformation
of the layer — Geometric Nonlinearity of the Layer, excluding nonlinear material constants of
LGS. Such option will be futher designated as GNL. But in the last case uniaxial mechanical
stress application for the substrate was taken into account with the full set of nonlinearities of
the crystal media.
The αv coeﬃcients for quasi-shear acoustic wave (FS) and for Rayleigh wave in the LGS single
crystal, calculated according to the FSN option, are equal to −1.63 ·10−11 and −1.35 ·10−11 Pa−1
respectively. The same coeﬃcients calculated according to the GNL parametres have magnitudes
−1.6 · 10−12 and −1.37 · 10−12 Pa−1 respectively. Shear bulk wave in fused silica, as it was noted
above, retains the degeneracy.
Values of the phase velocities of elastic waves in a layered structure, as a rule, are in the
range from phase shear wave velocity in the substrate up to the value of SAW velocity for mode
R0 and up to a value of the QSH wave velocity for Rayleigh waves’ modes of higher order, and
up to the value of the QSV wave velocity for the elastic waves’ modes with transverse horizontal
polarization (SH-waves).
The behavior of dispersive dependences for the αv coeﬃcients for Rayleigh and Love elastic
waves’ modes under the condition external stress application along the direction of wave propa-
gation ~P ‖ X1 is qualitatively similar for both variants of calculation (Figs. 1c and 1d). Values
of the αv coeﬃcients at the calculations in the GNL mode are less for the ﬁrst and zero Rayleigh
wave mode, as a rule αv = −1.37 · 10
−12 Pa−1 for the SAWGNL
LGS
and for Rayleigh waves modes
of the higher order aim for value αv = −1.57 · 10
−12 Pa−1 wave QSHGNL
LGS
. The similar control
coeﬃcients values for Love waves modes, αv = −1.6 · 10
−12 Pa−1 aim for the value QSVGNL
LGS
.
Under application of mechanical pressure along the axis of the second crystal, i.e. orthogonally
to the sagittal plane (~P ‖ X2), the shear wave degeneration dismissal in fused silica takes place,
i.e. splitting of shear wave to fast and slow waves for which αv coeﬃcients are equal to the
2.35 · 10−11 and 1.28 · 10−11 Pa−1 respectively. In this case, also, reduction of the eﬀective LGS
crystal symmetry to the monocline takes place, and the αv coeﬃcients for the fast and slow shear
waves in LGS single crystal are equal to 1.2 · 10−11 and −6.41 · 10−12 Pa−1 respectively. When
the h × f parameter increases, the αv coeﬃcients for zero Rayleigh mode are equal to αv =
1.0 ·10−11 Pa−1 for SAW in αv crystal for Love modes smoothly change from the values observed
in fused silica for the fast shear wave (αv = 2.35 · 10
−11 Pa−1) up to αv = −1.34 · 10
−11 Pa−1
for QSV wave (Fig. 1, f).
If mechanical pressure is applied along the axis of the second, orthogonally to the sagittal
plane, and only geometric nonlinearity is taken into account (GNL option), the αv coeﬃcients
for the modes Love elastic waves change as well as in the above case but the limit value for
QSVGNL
LGS
is equal to 8.1 · 10−12 Pa−1 (Fig. 1, f). It should be noted, that variations of the αv
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coeﬃcients for Rayleigh wave’s modes diﬀer from the similar ones for SH-modes, as a consequence
of strong geometrical nonlinearity (Fig. 1, e). Values of the αv coeﬃcients asymptotically aim
R0 wave modes to αv = −2.85 · 10
−12 Pa−1 for SAWGNL
LGS
and for the higher order modes,
αv = −2.75 · 10
−12 Pa−1 for QSHGNL
LGS
. Thus, if only static deformation measurement in this
case leads to "decrease" of the elastic wave phase velocity value, than measurement of all the
nonlinear material constants lead to "increase".
The results of this direction analysis are similar to those, received earlier for "[010](001)
La3Ga5SiO14/fused silica" structure in [22]. Consequently, ignoring nonlinear material tensors
of LGS crystal during calculations also leads to signiﬁcant error in calculations of Rayleigh and
Love elastic waves’ velocities.
Dispersive dependences of the phase velocities, EMCC’s, and αv coeﬃcients for Rayleigh and
Love waves in the "(0◦, 138.5◦, 26.7◦) La3Ga5SiO14/fused silica" structure, determined by Euler
angles (0◦, 138.5◦, 26.7◦), taking into account nonlinear material LGS tensors are presented in
Fig. 2. Such direction in langasite crystal is of interest for acoustoelectronics devices creation [17]
due to the presence of SAW thermostable properties, with relatively high EMCC value and zero
angle of energy ﬂow deviation [16,30].
In the layered structure "(0◦, 138.5◦, 26.7◦) La3Ga5SiO14/fused silica" transformation of bulk
acoustic waves in LGS crystal into the non-dispersive elastic wave of "Anisimkin Jr. mode" type
(QSH and QSV), even in the absence of mechanical stress also takes place.
Dispersion dependence of zero-mode Rayleigh wave velocity starts from Rayleigh SAW in
fused silica (3405.23 m/s), passes through a minimum at h × f=900 m/s, and then with the
increase h × f gradually increases to SAW value in langasite single crystal (2735.96 m/s) and
further with h×f=2500 m/s is practically non-dispersive. The interval of phase velocities chages
of all the other modes is between the values of shear waves phase velocities of fused silica and
QSV slow shear wave of LGS crystal (Fig. 2, a). Both Rayleigh and Love modes have piezoelectric
activity, and maximal value K2=0.54 % at h × f=600 m/s is obseved for the L0 mode of Love
wave (Fig. 2, b).
Fig. 2, c and 2, d show the αv coeﬃcients for Rayleigh and Love waves under the application
of uniaxial homogeneous stress along the axis of wave propagation ~P ‖ X1, and the dispersive
dependences calculations are qualitatively similar for the both variants (FSN and GNL).
The values of αv coeﬃcients for the fundamental Rayleigh mode beginning with h × f =
2500 m/s are constant and equal αv = −1.99 · 10
−11 Pa−1 of SAW in LGS single crystal.
The values of αv coeﬃcients for Love wave mode, as well as Rayleigh mode of the highest
order decrease from the value of silica’s shear wave (αv = 7.4 · 10
−12 Pa−1) and strive down to
αv = −2.026 · 10
−11 Pa−1 slow shear LGS, in contrast to the case of clear mode propagation. It
should be noted that all the elastic waves’ modes in this case are weak dispersive, for example,
for R1 mode αv coeﬃcients also with h× f=5000 m/s practically do not change (αv = −2.026 ·
10−11 Pa−1). It is notisable, that the αv coeﬃcients values for SAW and QSV elastic waves are
almost identical.
Values of the αv coeﬃcients for Rayleigh modes under condition of GNL option are three
times less then usual, and asymptotically tend to αv = −1.78 · 10
−12 Pa−1 for the SAWGNL
LGS
.
Similar values of the control coeﬃcients for Love modes tend to αv = −2.2 · 10
−12 Pa−1 for
QSVGNL
LGS
.
Figs. 2, e and 2, f show the αv coeﬃcients for Love and Rayleigh waves when uniaxial homo-
geneous stress is applied orthogonally to the sagittal plane ~P ‖ X2. The αv coeﬃcient value is
constant only for the fundamental R0 mode, beginning with h× f=3000 m/s, but an oscillating
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Fig. 2. Dispersion of acoustic wave parameters in the "(0◦, 138.5◦, 26.7◦) LGS/fused silica"
layered structure: (a) phase velocities; (b) EMCCs at X3 = h; αv coeﬃcients for Rayleigh (c)
and Love (d) modes at ~P ‖ X1; αv coeﬃcients for Rayleigh (e) and Love (f) modes at ~P ‖ X2.
Solid lines are associated with FSN option, and dashed lines — with GNL option
behavior of the αv coeﬃcients for all the other elastic waves’ modes is observed. The αv coef-
ﬁcients for all the other elastic wave modes start from αv = 1.28 · 10
−11 Pa−1 of QSS wave for
fused silica.
If mechanical pressure is applied orthogonally to the sagittal plane, i.e. ~P ‖ X2 at the GNL
calculation option, the αv coeﬃcients values for Rayleigh and Love modes diﬀer slightly. It
should be noted, that in this case, αv coeﬃcients for all the modes have the opposite sign for
FSN and GNL options.
Values of αv coeﬃcients asymptotically tend to αv = −1.21 · 10
−12 Pa−1 for SAWGNL
LGS
. Note
that if only static deformation is taken into account there is “decreasing” eﬀect of wave’s phase
velocity, but in the case when physical and geometrical nonlinearities were involved, the “increase”
of wave’s phase velocity takes place (αv = 9.18·10
−12 Pa−1). Consideration of nonlinear material
tensors of LGS crystal leads to increase of αv coeﬃcient for ∼ 1 ·10
−11 Pa−1 for the fundamental
R0 Rayleigh mode, in comparision with GNL option. The diﬀerence between FSN and GNL
calculation options is more signiﬁcant for the higher order Rayleigh modes (Fig. 2, e), as well as for
Love modes. Thus, behavior variations of αv coeﬃcients for Rayleigh wave’s modes signiﬁcantly
diﬀer from SH mode as a consequence of strong geometrical nonlinearity. It should be noted that
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αv coeﬃcients for Love waves’ modes change as in above mentioned case, but the limit value for
QSVGNL
LGS
wave is equal to 1.34 · 10−12 Pa−1 (Fig. 2, f).
3. Anisotropy of elastic waves propagating in Y-cut
LGS/fused silica layered structure
Fig. 3 shows anisotropy of the basic characteristics of the principal (zero) and the ﬁrst mode of
Rayleigh and Love acoustic waves in the structure "(010) LGS/fused silica" (Y -cut) at diﬀerent
types of uniaxial mechanical stress applications for the three values of h×f=1000, 3000, 5000 m/s
parameter. Angle ψ was measured from the direction [100]. The elastic waves’ phase velocities
are in the range between SAW velocity in langasite crystal and shear wave velocity in fused silica
(Fig. 3, a). The peculiarity of the elastic wave propagation in this structure is that the bulk
shear LGS waves are transformed into non dispersive surface mode of "Anisimkin Jr. mode"
(QSH and QSV) wave in almost all the directions.
In Fig. 3, b, c, d and e control coeﬃcients of Rayleigh and Love elastic waves’ αv modes under
condition of external mechanical stress application along the direction of the wave propagation
(P ‖ X1) are represented. Inﬂuence of external mechanical stress on QSS and QFS bulk shear
waves’ phase velocity, as well as in the options studied above, in FSN and GNL option modes
acts in diﬀerent directions, i.e., taking into account nonlinear material LGS tensors when cal-
culating, almost completely compensates geometric nonlinearity of the sample due to external
stress application. However, the eﬀect of external mechanical stress on Rayleigh and Love elastic
waves’ phase velocity in FSN and GNL option modes varies depending on of h × f values. In
particular, αv coeﬃcient for the fundamental R0 mode in the direction at an angle ψ = 45
◦
is equal to −1.45 · 10−11 Pa−1 and 2.21 · 10−12 Pa−1 when h × f=1000 m/s in FSN and GNL
option modes and −2.86 ·10−11 Pa−1, −1.77 ·10−13 Pa−1 when h×f=5000 m/s respectively. For
the ﬁrst mode of Love wave L1 at h × f=3000 m/s consideration of nonlinear material tensors
LGS (FSN) changes αv coeﬃcient value only numerically, while the character of αv anisotropy
is qualitatively similar for the both modes of calculation (Fig. 3, d, e). The highest value of αv
control coeﬃcients in the case of external mechanical stress application ~P ‖ X1 is observed for
R0 mode at h× f=5000 m/s and ψ = 58
◦ and constitutes −3.13 · 10−11 Pa−1, which is close to
SAW value at this point −3.18 · 10−11 Pa−1 (Fig. 3, b).
When external mechanical stress is applied orthogonally to the sagittal plane, i.e. ~P ‖ X2,
maximum αv value also belongs to R0 mode and constitutes 2.03 · 10
−11 Pa−1 when h × f =
5000m/s and ψ = 60◦, which is close to SAW value at this point αv = 2.06·10
−11 Pa−1 (Fig. 3, f).
Note that αv values for all the modes’ types taking into account FSN option in both cases of
stress application have the same order of magnitude (10−11 Pa−1). The αv values taking into
account GNL option in both cases of stress application also have the same order of magnitude
(10−12 Pa−1), but diﬀer at ~P ‖ X1 и ~P ‖ X2 for 5 times.
Conclusion
Basic equations and boundary conditions describing acoustic waves’ propagation in piezoelec-
tric layered structures under condition of uniaxial mechanical pressure application are derived.
Dispersive character of acoustic modes in piezoelectric layered structures "Y -cut LGS/fused sil-
ica" due to changes in the crystals’ eﬀective symmetry under condition of external mechanical
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Fig. 3. Anisotropy of acoustic wave parameters in the “(010) LGS/fused silica” layered structure
for h×f (m/s) (1) – 1000; (2) – 3000; (3) – 5000: (a) phase velocities; αv coeﬃcients for Rayleigh
(b, c) and Love (d, e) modes at ~P ‖ X1; αv coeﬃcients for Rayleigh (f, g) and Love (h, i) modes
at ~P ‖ X2
stress application was thoroughly analyzed. Dispersion characteristic of phase velocities, EMCC,
control coeﬃcients as h × f parameter functions are calculated. Valuation of the contribution
of nonlinear material tensors of the third-order crystal and static deformation in the layer in
changing elastic waves’ characteristics due to external mechanical stress application was carries
out. It was noted that valuation of material tensors of the third-order crystal increases phase
velocities’ control coeﬃcients, as a rule, for more than an order, even in the directions where
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mechanical stress inﬂuence is minimal. It is important to note that mainly, in the structures
under study, static stress eﬀect and valuation of material tensors of the third-order crystal aﬀect
phase velocity value oppositely, i.e. in this case, αv coeﬃcients for some modes have the opposite
sign for FSN and GNL options.
The study of anisotropy of acoustic wave propagation in "Y -cut LGS/fused silica" layered
structure was conducted. Depending on "thickness × frequency" value, nonlinear material LGS
tensors’ valuation at computation can both almost completely compensate geometric nonlinearity
of the sample and increase the change of the elastic wave phase velocity under condition of
external mechanical stress inﬂuence.
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Влияние одноосного механического напряжения на
распространение упругой волны в пьезоэлектрических
слоистых структурах
”
Y-срез лангасита/плавленый
кварц“
Сергей И.Бурков
Ольга П. Золотова
Павел П.Турчин
Проведено исследование влияния внешнего одноосного механического напряжения на дисперсион-
ные характеристики и анизотропию упругих волн в таких пьезоэлектрических структурах, как
"Y -срез La3Ga5SiO14/плавленый кварц". Представлены результаты компьютерного моделирова-
ния, выполненного с учетом влияния линейных и нелинейных материальных констант среды.
Выполнено сравнение изменений скорости упругой волны под влиянием одноосного напряжения
в зависимости от того, учитывался ли при расчетах полный набор нелинейных материальных
констант кристаллического слоя + геометрическая нелинейность или только геометрическая
нелинейность слоя, вызванная статической деформацией подложки.
Ключевые слова: пьезоэлектрическая слоистая структура, волна Рэлея, волна Лява, однородное
давление.
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